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We investigate the magneto-optical response of Co to an ultrashort laser excitation by x-ray reso-
nant magnetic reflectivity (XRMR) employing circular polarization. The time-resolved reflectivities
detected for opposite sample magnetization are separated into magnetic and nonmagnetic contri-
butions, which contain information about the structural, electronic, and magnetic properties of the
sample. Different response times of the different contributions are observed. The experimental re-
sults are reproduced numerically by two different simulation approaches. On the one hand, we use
a purely thermal model, a time-dependent heat-induced loss of macroscopic magnetization, and an
inhomogeneous laser-induced strain profile. On the other hand, we employ time-dependent density-
functional theory to calculate the transient optical response to the laser-induced excitation and from
that the reflected intensities. While both methods are able to reproduce the time dependence of
the magnetic signal, the ultrafast nonmagnetic change in reflectivity is captured satisfactorily only
in simulations of the transient optical response function and has thus to be assigned to electronic
effects. The energy dependence of the magnetic circular dichroism is investigated in the simulations,
highlighting a dependence of the observable on the probing energy. Finally, a phenomenological ex-
planation of the dynamics measured in dichroic x-ray reflectivity in the different channels is offered.

I. INTRODUCTION

Experimental studies of ultrafast demagnetization pro-
cesses, initiated by the first experimental investigation of
the ultrafast demagnetization of Ni using time-resolved
magneto-optical Kerr effect by Beaurepaire et al. [1],
have developed into an own field of research (see Refs.
[2–5] and references therein). Such studies are essential
for the understanding of ultrafast magnetization dynam-
ics and have led to substantial insight into the underlying
physical mechanisms and their theoretical description,
such as, for example, the microscopic three-temperature
model [6]. Combining ultrashort soft-x-ray probe pulses
with near-infrared pump pulses to follow the magnetic
response of an excited system [7–16] contributes an in-
valuable method to this field to meet the high demands
of time- and element-resolved studies of ultrafast mag-
netism. It is particularly the elemental resolution of this
approach that has helped to identify the role of the differ-
ent timescales of demagnetization of 3d and 4f elements
in ferrimagnetic alloys for the ultrafast laser-induced all-
optical magnetic switching [10], prove the presence of
nonlocal spin transport in ultrafast demagnetization [11],
and has led to a number of investigations disentangling
the complex evolution of the magnetic system, spin and
electron scattering, as well as transport upon intense op-
tical excitation [10, 11, 13, 16].
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Soft-x-ray resonant magnetic reflectivity (XRMR) is a
powerful method for the investigation of magnetic prop-
erties of thin films and surfaces that can provide at the
same time information about the structure and morphol-
ogy of the sample as well as magnetization depth profiles
[17–21] and has already been also used successfully for the
study of ultrafast demagnetization by magnetic circular
dichroism [22–25]. For the study of ultrafast processes
in samples on crystalline substrates or with buried lay-
ers, it typically provides much higher signals than total-
electron-yield detection of x-ray absorption, which is im-
portant considering the often very low average fluence
of sources of pulsed x rays. In such dichroic measure-
ments, typically the difference of the recorded intensities
for opposite helicity or magnetization are considered as
magnetic signal, while the independent channels are usu-
ally not studied in detail.

In absorption experiments that probe the full range of
the electronic transitions, e.g., the entire L2,3 edge in 3d
ferromagnets (FMs), the orbital and effective spin mag-
netic moments are indeed directly linked to the magnetic
circular dichroism signal by sum rules [26]. However, in
time-resolved studies, the magnetization of the system is
usually probed as a function of time at only one specific
electronic excitation, i.e., at limited energy bandwidth,
because of the small figure of merit of these experiments.
For x-ray absorption experiments, the effect of the tran-
sient repopulation of electronic states due to the excita-
tion has already been discussed and has to be kept in
mind when interpreting the time evolution of the signal
in terms of the evolution of the temporal magnetic state
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of the system [27, 28].
Here, we extend this discussion to time-resolved

XRMR. In XRMR, where the specularly reflected x-ray
intensity is measured instead of the x-ray absorption, a
further complication arises due to the influence of tran-
sient changes of the refractive properties of the sample,
i.e., the real part of the refractive index, in contrast to
absorption experiments, which probe only the imaginary
part. We take a closer look into the separate channels
recorded in a time-resolved XRMR measurement of the
ultrafast demagnetization of Co as a model system. Cir-
cularly polarized x rays are employed to be sensitive to
the sample magnetization. The helicity-dependent ex-
citation probabilities of the 2p–3d transitions give rise
to a difference in the absorption of circularly polarized
x rays in the presence of magnetization. The intensity
of the specularly reflected x rays under a certain angle
is recorded, which contains information about the mag-
netic properties, structure, sample geometry, and elec-
tronic population. Fig. 1 illustrates the dynamics of the
two individual channels recorded in a time-resolved ex-
periment. The measured signal (a) can be sketched as
a combination of an antisymmetric and a symmetric re-
sponse of the two channels to an ultrafast laser pulse,
reflected by the difference and the sum of the two chan-
nels, respectively. The antisymmetric response, i.e., the
helicity dependence of the reflectivity, thereby has to be
of magnetic origin. We will elucidate in the following how
the transient magnetic and nonmagnetic changes of the
sample affect the measured signals.

In order to identify the different contributions to the
transient change in x-ray reflectivity, we compare ex-
perimental data to two different theoretical simulations.
In one case, we model the response of the sample by a
time-dependent macroscopic magnetization and a time-
dependent strain profile across the sample. In the other
case, time-dependent density functional theory (TD-
DFT) is employed to calculate the response of the elec-
tronic system of the sample and from that the time-
dependent complex refractive index. Since only the lat-
ter can reproduce the experimentally observed ultrafast
nonmagnetic change of the reflected intensity, we con-
clude that it is mainly due to electronic excitations. We
compare our results to previous time-resolved investiga-
tions of Co films on Cu(001), which were carried out by
methods without elemental resolution [29–32].

II. EXPERIMENT

The investigation is performed on a 61 monolayer (ML)
Cu/15 ML Co/20 ML Ni31Mn69/Cu(001) multilayer at
a pressure of < 10−8 mbar at BESSY II. The sample is
grown under ultra-high vacuum conditions at a pressure
< 10−9 mbar by molecular beam epitaxy. The materi-
als are thermally evaporated by electron bombardment
using a commercial evaporator onto a pristine Cu(001)
single-crystal substrate cleaned by cycles of argon ion
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FIG. 1. Sketch of the acquired signals in a resonant soft x-ray
pump-probe dichroism experiment. (a): In the experiment,
two time traces are obtained, one for each circular helicity or
direction of sample magnetization (M+ and M−). The in-
tensity recorded resonantly changes over delay time after the
excitation of the sample due to a reduction of the magnetic
dichroism (b) and due to a change of the helicity-averaged
reflectivity (c). The combined signal measured in the experi-
ment is described by the sum of both.

sputtering and annealing up to 800 K. Surface cleanliness
and integrity are ensured by Auger electron spectroscopy
and low-energy electron diffraction. Layer thicknesses
are monitored during growth by medium-energy electron
diffraction, allowing for precise thickness control down
to single layers. Static characterization of the magneti-
zation is performed after growth by measuring the longi-
tudinal magneto-optical Kerr effect. The sample is field-
cooled in a 60 mT external field from 400 K down to
120 K. The experiments are conducted at the slicing fa-
cility at BESSY II in Berlin, which offers x-ray pulses
of 100 fs full-width half-maximum (FWHM) at variable
photon energies over the L2,3 resonances of the 3d met-
als investigated here, in combination with 800 nm laser
pump pulses of 60 fs FWHM with variable fluence. The
repetition rate of the x-ray pulses is 6 kHz and the one
of the laser pump pulses 3 kHz, allowing to measure the
sample with and without laser excitation in an alternat-
ing manner. The x-ray spot is about 140 µm × 120 µm
in size with a photon flux of around 106 photons s−1

(0.1 % Bandwith)−1. The photon energy resolution is
around E/∆E ≃ 250. The laser fluence is calculated
from the spot size, about 350 × 550 µm2, which is large
enough to conveniently cover the x-ray spot, and from
the average laser power of up to 1 W. A magnetic field
of ±300 mT is applied parallel to the sample surface in
the plane of incidence. This is sufficient to reach mag-
netic saturation, as shown by field-dependent static x-ray
magnetic circular dichroism measurements in reflectivity
presented in Fig. 2. The magnetic circular dichroism is
measured by reversing the direction of the field. The re-
flected x-ray intensity is recorded at a specific energy and
angle for different pump–probe delay times and pump flu-
ences to study the response of the samples to the laser
stimulus. Here, we focus only on the Co layer. The
best measurement conditions, i.e., the parameter combi-
nation of angle and energy, are characterized by a figure
of merit described by the product of reflected photon in-
tensity and square of the static dichroic signal, which is
inversely proportional to the necessary acquisition time.



3

The maximum figure of merit was found at 7◦ between
surface and beam and 778.1 eV photon energy, slightly on
the falling edge of the Co L3 resonance, with a maximum
intensity of around 400 counts/s. All measurements were
performed at a sample temperature of 390 K, above the
Néel temperature of the Ni31Mn69 layer [33].
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FIG. 2. Hysteresis loop of the sample at 290 K, measured in
situ in reflectivity at 15◦ between surface and incident beam
and 775 eV photon energy.

We aim to investigate to which extent the data can be
quantitatively interpreted. We perform this analysis by
looking at the difference and sum signals of the recorded
delay time traces for the two magnetization directions.
The difference signal is usually considered to be propor-
tional to the magnetization, while a change of the sum
signal has to be interpreted as a combination of elec-
tronic repopulation and structural dynamics that affects
the optical response of the sample as illustrated in Fig.
1.

Typical pump–probe delay-time traces for Co are
shown in Fig. 3 for two different incident laser fluences
of 20 mJ/cm2 and 40 mJ/cm2. The time evolution after
laser excitation is captured by recording the x-ray inten-
sity for different delay times between pump and probe
pulses. Each data point is acquired alternatingly, once
without a laser pump and once with the laser pulse be-
ing present, in the following labeled as pumped (Ip) and
unpumped (Iup), to rule out any kind of drift of the sam-
ple, x-ray beam, or laser while conducting the measure-
ments. In total, for each pump–probe delay time, four
signals are acquired, two for each direction of magnetiza-
tion, I+p , I+up and I−p , I−up before moving to the next delay
time. The recorded intensities after pumping in Fig. 3
are interpreted as illustrated in Fig. 1.

It is observed that the magnitude of change for each
magnetization direction is not the same and, further-
more, that the higher pump fluence leads to an initial
drop of intensity in both channels. This indicates two
different timescales or at least magnitudes for changes
in the total reflectivity and magnetic dichroism. In the
time evolution of the M− channel, no qualitative differ-
ence with higher fluence is observed, and the dynamics
remain similar for the two fluences, only the magnitude
increases. Since both channels evolve in the same di-
rection initially at high fluence, the difference signal is
slowed down relative to measurements at lower fluences.
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FIG. 3. Delay-time traces of reflected intensity, integrated
for 10 s per data point, for circular polarization and oppo-
site magnetization directions with two incident fluences, 20
and 40 mJ/cm2. One measurement consists of four curves,
pumped (solid symbols) and unpumped (open symbols) for
both channels, M+ and M−. The experimental error is esti-
mated by the total photon count N as

√
N .

The result from disentangling the experimental signals
is shown in Fig. 4. The measured signals are reproduced
by a superposition of a magnetic (antisymmetric) and a
symmetric change of the intensity. The intensity I(t) of
each of the curves can be modeled by double-exponential
functions of the form I(t) = ±C(Θ(0)(A(exp (−t/tde) −
1) − B(exp(−t/tre) − 1)) + 1) with the Heaviside func-
tion Θ(t0), the amplitude of increase and decrease A and
B, the initial intensity C, and the two time constants
tde and tre of the dynamics. One such function is used
to model the antisymmetric and one the symmetric dy-
namics. To model the antisymmetric dynamics, merely
the sign of the signal change and the initial value are
different for the curves corresponding to opposite mag-
netization. Fitting the 50-mJ/cm2 data yields a time
constant telede = (100 ± 30) fs for the symmetric change
and tmag

de = (250±60) fs for the antisymmetric one. From
comparison to theoretical simulations as shown below,
we conclude that the symmetric change in reflectivity is
mainly due to changes in the electronic system. The time
constant of the recovery telere = (1.0± 0.2) ps of the elec-
tronic system is much faster than the magnetic one with
tmag
re = (48 ± 7) ps. We show that also in XRMR, in
the investigated case, the signal can be described in this
fashion and that the combination of electronic and mag-
netic evolution allows a complete reconstruction of the
observed signal and provides a comprehensive picture of
the dynamics of each channel. This is not a priori the
case since only a narrow reflection angle is probed, and
the acquired signal, a combination of the transient change
in refraction and absorption, results from the complete
complex optical response in the acquisition energy win-
dow.
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FIG. 4. Dynamic response of the signal at 50 mJ/cm2 incident
fluence. The separate symmetric and antisymmetric contri-
butions, shown in (b), to the measured signal, presented in
(a), are obtained from the sum and difference signals to the
recorded traces as described in the text.

III. CALCULATIONS

The calculation of the angle-dependent reflected x-ray
intensity in a multilayer system requires knowledge about
the magneto-optical constants of the elements together
with precise information about their spatial arrangement.
A general description of the approach can be found in
Ref. [17], for example. We use static absorption spec-
tra to find the magneto-optical constants in equilibrium,
while the sample structure is defined by monitoring the
thickness during growth as described before. The full
refractive index is defined here as

n = 1− (δ +∆δ) + i(β +∆β) (1)

with the magnetic contributions ∆δ and ∆β.
In order to reproduce the time-dependent signals mea-

sured in the experiment and to relate them to transient
magnetization, strain, and electronic occupation, we use
two different approaches. In the first, we use a purely
thermal model, in which we consider laser-induced heat
and strain and calculate the static optical response. In
this treatment, the heat introduced by the laser exci-
tation reduces the macroscopic magnetization. Further-
more, the lattice expands or compresses due to coherent
phonon excitation, leading to transient strain profiles.
A strained lattice influences the XRMR due to the new
transient geometry. No change of the elemental magneto-
optical response due to the electronic transitions excited
by the laser pulse is considered in this approach. The
magneto-optical constants are derived from static absorp-
tion spectra recorded in total electron yield. From the
absorption, β +∆β, the imaginary part of the refractive
index, is obtained. The real part is then calculated by
a Kramers-Kronig transform. For this to work well, in-
formation over a larger energy range is necessary. The
values for β for off-resonant energies are taken from lit-
erature [34] and are replaced with the measured absorp-
tion curves in the recorded energy range around the L2,3

resonances. The magnetic contribution is found by eval-
uating the difference of the real and imaginary parts for
the two opposite magnetization directions recorded.

The simulation of the reflected intensities for the in-
vestigated angle of 7◦ between the sample surface and
beam is then performed using the udkm1Dsim script de-
veloped in the group of M. Bargheer by D. Schick et al.
[35]. The sample is treated as a 110 Å Cu/25 Å Co/31
Å Mn/Cu(100), as measured in the sample characteri-
zation. Magnetization is modeled by a critical exponent
law and is described by M(t) ∝ (1 − T/Tc)

3/2 with a
reduced Tc = 1300 K for Co due to the thin layer. Time-
dependent reflectivity is obtained after instantaneous ex-
citation by a 60 fs FWHM laser pulse with a fluence of
80 mJ/cm2 centered at a wavelength of 800 nm. The
absorbed laser power is calculated considering multilayer
absorption and reflection, giving rise to an elevated tem-
perature T (t). The temperature profile for each delay
time is obtained by evaluating the heat diffusion after
the initial excitation on a discrete temporal and spatial
grid. The temporal evolution is calculated in 50 fs steps
and spatially the grid is interpolated to 11 points for each
atomic distance to avoid large gradients. The material
parameters employed in the calculation are listed in ta-
ble I. For Ni0.31Mn0.69, the literature values of Mn are
used since no values for the alloy are available. The re-
flected intensity is convoluted with a Gaussian of 3.2 eV
FWHM, mimicking the experimental resolution, and the
temporal evolution by a Gaussian of 100 fs FWHM, rep-
resenting the width of the experimental probe pulse. The
transient strain on the lattice is included in the simula-
tion and leads to deviations from the simple exponential
ultrafast change of the integrated reflected intensity at
early timescales.

In the second approach, we investigate the excited
correlated electronic and magnetic densities in terms of
the time-dependent optical response function. The dy-
namic optical response is calculated by time-dependent
density functional theory (TD-DFT). The transient re-
sponse function of Co is evaluated after excitation with
an ultrashort laser pulse of 60 fs FWHM and 23 mJ/cm2

incident fluence to judge the influence of the electronic
system on the observables. The calculations are based on
a noncollinear version of the Elk code [46], where electron
dynamics after laser excitation is treated by taking into
account relativistic effects. A comparison of the optical
response function obtained in the static experiment and
the calculated transient response function at different de-
lay times is presented in Fig. 5. The zero of the delay
time for the simulations is defined at the center of the
exciting pulse. At the peak maxima of the absorption,
both, the real and the imaginary part of the refractive
index, reduce on an ultrafast timescale as a result of the
excitation. Electronic repopulation is recognized from
the increase in β in the rising flank of the Co absorption
peaks, at around 775 and 791 eV. The demagnetization
manifests itself as a reduction of ∆β at both, the L3 and
L2, edges.

The TD-DFT-calculated transient response function is
included in quasi-static calculations of the reflected inten-
sity at 7◦ using ReMagX [20, 47]. The layer structure is



5

TABLE I. Material constants used for the simulation of transient heat and strain in udksim1D. The heat capacity is described
by a linear approximation using a reduced temperature T ′ = T/K.

constants NiMn Co Cu

vertical layer distance (Å) 1.71 [36] 1.74 [37] 1.81 [38]

sound velocity (nm/ps) 5.150 [39] 4.270 [39] 3.570 [40]

lin. thermal expansion (10−6/K) 15 [41] 12 [42] 17 [42]

thermal conductivity (W/(m K)) 7.8 [43] 90 [43, 44] 361 [44]

heat capacity (J/(kg K)) 495 + 0.28T ′ [45] 693 + 0.6T ′ [45] 350 + 0.11T ′ [45]
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FIG. 5. Comparison of time-dependent magneto-optical pa-
rameters after laser excitation in Co obtained by TD-DFT to
the static ones obtained from experimental data. (a) Non-
magnetic part of the refractive index, δ and β, calculated at
different times after excitation by a 60 fs laser pulse, centered
at delay time zero. (b) Calculated magnetic contributions to
the refractive index. The dashed and solid black lines denote
the optical response extracted from static measurements of
the absorption.

the same as in the first approach. The reflected inten-
sity is calculated using the matrix formalism. For Cu
and Ni31Mn69, tabulated values of the optical constants
from [48] are employed. The resulting spectra of the re-
flected intensity are convoluted by a Gaussian with 3.2 eV
FWHM.

IV. RESULTS AND DISCUSSION

Fig. 6 shows in panel (a) the experimental reflectivity
spectra of the Co L3 edge at negative time delays, i.e., the
static spectra, for the two magnetization directions. Pan-
els (b) and (c) present the results of the two simulation
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FIG. 6. Comparison of experimentally recorded reflected in-
tensity at 7◦ over the Co L3 resonance with calculated tran-
sient spectra. Curves corresponding to the different magneti-
zation directions are denoted as solid (M−) and dashed (M+)
lines. (a) Recorded spectrum at negative delay times. (b)
Calculated reflectivity at different delay times up to 0.5 ps af-
ter laser excitation. The calculation assumes a heat-induced
quench of the magnetization and lattice compression. (c) Sim-
ulated reflected intensity at 7◦ using the transient magneto-
optical function obtained by TD-DFT. The signals for both
magnetization directions decrease within 67 fs at the peak
maxima.

approaches for three different delay times each. (b) shows
the calculated transient signal acquired with the first ap-
proach, the thermal model, while (c) presents the results
obtained from the time-dependent optical response func-
tion. The magnetic circular dichroism is recognized from
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spectrum.

the difference between the M+ and the M− channels.
While in the thermal approach [Fig. 6 (b)], the inten-
sity of the M+ channel at the L3 edge increases with
delay time after the pump pulse, both channels decrease
in intensity in the electronic-structure approach [Fig. 6
(c)].

To benchmark to which extent the XRMR results re-
semble an absorption measurement, we perform simula-
tions of the reflectivity using truncated optical response
functions in which either the real or the imaginary part
is set to zero. Comparing the results with the simulation
of the reflectivity employing the full response function
then allows estimating the influence of each part. The
result of this estimation for an angle of 7◦ is presented
in Fig. 7. At this angle, the reflected intensity at the
Co L3 edge cannot be ascribed to a single part of the
refractive index. While in the rising flank of the L3 peak
the reflected intensity is dominated by the contribution
from the real part of the refractive index, at the probed
energy of 778.1 eV, both, the imaginary part, linked to
the energy-loss mechanisms and thus the absorptive part
of the interaction, and the real part, i.e., the reflective
part, contribute.

The comparison of the normalized experimental sum
and difference signals as a function of delay time with
the two simulation approaches is presented in Fig. 8. To
assess the influence of the photon energy, the temporal
behavior of the simulated reflectivities has been evaluated
at different photon energies for each of the approaches,
as denoted in the legend. In the simulation approach in
which the transient thermal changes of the sample are
considered (blueish lines in Fig. 8), the ultrafast drop in
the difference signal and thus the magnetization are re-
produced well, presented in Fig. 8 in the top panel. The
heat stimulus by the fs laser pulse quenches the mag-
netization and, consequently, the dichroic difference re-
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FIG. 8. Comparison of the calculated changes of the differ-
ence and sum signals after laser excitation to experimental
data (filled symbols) at 40 mJ/cm2 incident fluence. (a):
Difference, (b): sum of the reflectivities for the two mag-
netization directions, compared to results of the calculations
performed with static magneto-optical functions in a thermal
model (blueish lines) and with dynamic ones from TD-DFT
(reddish lines). Simulation results employing different center
positions of the 3.2 eV FWHM Gaussian window of energy
convolution are shown, as indicated in the legend, mimicking
measurements at different photon energies. The TD-DFT-
calculated total magnetic moment is presented by a green
line in (a). Lastly, the simulated traces of the thermal model
using a very large energy window of 10 eV FWHM (black
lines) are plotted to simulate a measurement that integrates
over the whole absorption edge.

duces within 0.5 ps. The thermal simulations do not de-
scribe the experimentally recorded sum signal, though, as
shown in the bottom panel of Fig. 8, since the fast drop
of the sum signal is not captured. While the experiment
shows a sudden drop in the reflectivity, the simulated sum
signal in this approach stays almost constant even in the
presence of temperature-induced strain and reduces only
slowly on a longer time scale.
In the second approach, in which the simulation is real-
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ized by calculating the reflectivity from time-dependent
response functions obtained by TD-DFT, the ultrafast
quench of the difference signal is also reproduced. Since
these calculations do not include any spin flips at scat-
tering centers caused by crystalline imperfections nor
magnon-induced demagnetization mechanisms, the am-
plitude of demagnetization is smaller than in the experi-
ment and also stops at earlier times after the excitation.
Contrary to the first approach when considering only a
heat pulse, the simulations employing the transient opti-
cal response do well reproduce the ultrafast drop of the
reflectivity recorded in the experiment [Fig. 8 (b)]. Qual-
itatively, they also show the faster change of the sum sig-
nal, which reaches its plateau after about 90 fs, compared
to the difference signal, which reaches its minimum after
120 fs.

The comparison of the presented calculations to the ex-
perimental data now allows us to draw conclusions about
the nature of the ultrafast drop of the helicity-averaged
reflectivity. Since it is reproduced only when electronic
effects are included in the simulations, we can conclude
that the fast reduction of the reflectivity must be due
to transient repopulations of the electronic system. Ul-
trafast lattice contraction (or expansion) driven by laser
heating, which in principle can also lead to a sudden de-
crease (or increase) of the intensity measured under a
certain angle [23], does obviously not play a role here at
short times. Intrinsically, the phononic influence lives
on longer timescales than the light-induced electronic
changes, and may play a significant role at longer times,
as the blueish lines in Fig. 8 (b) indicate. Since the ex-
perimental dynamics are longer in time than what can
be reasonably accessed in TD-DFT, a definite descrip-
tion of the driving mechanism can only be acquired in
time-resolved recordings over the full spectral range of
the Co L2,3 edge.

The ultrafast drop of the magnetic signal of the Co
layer can be compared to previous results from literature.
Güdde et al. observed for an about 70% demagnetization
a time constant faster than their pulse width of 150 fs in a
3-ML Co film on Cu(001), using second-harmonic genera-
tion [29]. In contrast to our result, they could not observe
different time constants for the sum and the difference
signals, i.e., for the electronic and magnetic contribution.
Cinchetti et al. compared time-resolved magneto-optical
Kerr effect of 10 nm Co/Cu(001) to time-resolved two-
photon photoemission and found, in contrast to Ref. [29]
and in agreement with our result, that the electronic exci-
tation, detected by two-photon photoemission, occurs on
shorter timescales than the demagnetization, observed by
time-resolved magneto-optical Kerr effect [30]. The latter
showed a maximum demagnetization at about 400 fs for
15% demagnetization, and around 750 fs for a demag-
netization of approximately 50% [30]. The shift of the
time of maximum demagnetization to larger values with
higher pump fluence has been interpreted by assuming
Elliott-Yafet-type spin-flip scattering of electrons with
impurities or phonons [30]. The demagnetization time

found in Ref. [30] for the larger fluence agrees with our
result shown in Fig. 8 (a), where for 90% demagnetiza-
tion the minimum of the curve is reached after about 700
fs.

Chen et al. have studied the transfer of optically ex-
cited electronic spin currents between Co and Cu in 3
and 5 ML Co/Cu(001) by time-resolved second-harmonic
generation [31]. In agreement with our results, the sum
signal representing the electronic response exhibits a
faster reaction on the excitation, on the timescale of the
temporal resolution of the experiment, and also a faster
recovery than the magnetic difference signal [31].

For the NiMn composition of Ni31Mn69 and the thick-
ness of 20 ML, the antiferromagnetic ordering tempera-
ture of NiMn can be estimated to about 360 K [33, 36, 49].
Above its ordering temperature, the NiMn layer does not
influence the Co layer magnetically [36], but the pres-
ence of the additional layer and of exchange-coupled mag-
netic moments at the interface to the Co layer may be
influential via transient nonlocal effects such as the in-
terchange or the reflection of electronic spin currents at
the Co/NiMn interface [15]. However, from the compari-
son to the existing results on Co/Cu(001) from literature
mentioned above, a significant role of the additional inter-
face between Co and the magnetically disordered NiMn
layer for the ultrafast dynamics of the Co layer can not
be discerned.

Assigning the symmetric change in reflected intensity
to electronic contributions and the antisymmetric one
to magnetic, the information obtained from the anal-
ysis of the two channels in a time-resolved soft-x-ray
XRMR experiment is equivalent to that of other time-
resolved techniques, but offers the additional advantage
of being element-selective in a straightforward way. In
addition, the depth sensitivity of XRMR, which allows
the analysis in terms of a magnetic depth profile [17–
21], may be applied also to time-resolved measurements.
Qualitative depth information has already been achieved
in time-resolved magneto-optical Kerr-effect measure-
ments by exploiting the different probing depths of Kerr
rotation and ellipticity and has helped to disentangle
the timescales of the effects of nonlocal spin transport
and local spin-flip scattering of thermalized electrons in
Co/Cu(001) [32]. However, because of the large wave-
length of visible light and the short penetration depth,
this works well only for a limited number of layers and
relatively thick layers, while in XRMS using soft x rays,
quantitative depth information can be obtained even on
a nanometer scale by tuning the reflection angle and the
probe photon energy [17–21].

The influence of a finite probing-energy window in the
experiment is investigated by calculating the time evolu-
tion at different energies over the resonance. It reveals a
dependence of both, the fast quench of circular dichroism
and the reduction of the sum signal on the photon energy
in both simulation approaches. It has thus to be kept
in mind when interpreting experimental data. However,
the general trend and qualitative outcome do not depend
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on the photon energy at which the temporal behavior is
studied. The black lines in Fig. 8 are the result of av-
eraging the thermal simulation over an energy range of
10 eV, which includes the entire Co L3 edge. They qual-
itatively match with the other results of the same simu-
lation. The green line in Fig. 8 (a) is the transient total
magnetic moment as obtained from the TD-DFT calcu-
lations. The simulations yield the same fast decay of the
difference signal at the different energies, however, there
is not an exact proportionality between the simulated dif-
ference signal and the magnetic moment. Nonmagnetic
electronic effects have thus also a certain influence on the
difference signal. Overall, however, the assignment of the
difference signal to the magnetic contribution is justified,
while the sum signal for delay times up to 1 ps has to
be attributed to nonmagnetic electronic excitations. We
can assign these to the influence of the absorptive part of
the optical properties on the reflectivity, in particular, to
the variations of the calculated time-dependent β around
the L2 and L3 absorption edges as seen in Fig. 5: After
the excitation, previously occupied states become avail-
able for transitions, resulting in a higher absorption in
the low-energy flank of the absorption peaks, while for-
merly unoccupied states are blocked by excited electrons,
leading to a reduction in absorption at around the peak
maxima.

The dependence of the amplitude of the difference sig-
nal on the probing energy is opposite for the two simu-
lation approaches [Fig. 8 (a)]. The decreasing demagne-
tization amplitude in the thermal model for higher en-
ergies may be explained with the mixing of signals from
the L3 and L2 edges. At higher probing energies, an in-
creasing amount of signal from the L2 edge is measured,
and since the magnetic circular dichroism reverses sign
on the edges, the low energy resolution leads to a differ-
ent observed demagnetization amplitude. Additionally,
employing a 10 eV energy resolution and thereby inte-
grating over the full L3 resonance in the simulation, does
not result in significantly different demagnetization dy-
namics. In conclusion, the simulations show only a mi-
nor sensitivity of the observable in XRMR to the probing
energy. This is particularly helpful when comparing dif-
ferent measurements with different energy resolutions.

A shift and small decrease of the x-ray resonance has
been calculated [50] and reported for Ni in absorption
measurements [7, 27, 51] and has also been found in in-
vestigations of transition-metal M2,3 edges [28]. A strong
decrease of the reflected intensity has not yet been re-
ported, but measurements of time-resolved Co reflectiv-
ity spectra over the entire L3 resonance are still missing
and could clarify which of the processes dominate in the
experiment. Results obtained in absorption on Co are
reported in a preprint [52], indicating a small decrease
together with a slight shift of the Co L3 absorption peak.

Electronic changes could be phenomenologically
implemented in the thermal simulations by assuming an

ad-hoc energy shift of up to 300 meV, with a temporal
profile of the shift taken from the temporal intensity
profile of the experimental sum signal. This results
in an excellent agreement between the heat-diffusion
simulations and the experiment. Similarly, the data can
also be reproduced by assuming an overall reduction of
the resonance peak.

V. SUMMARY AND CONCLUSIONS

The presented work provides insight into the interpre-
tation of time-resolved x-ray circular dichroism data in
reflectivity, which is widely employed to study ultrafast
processes in an element- and time-resolved fashion. The
temporal behavior of the two channels recorded in the
experiment is explained in terms of a combination of a
symmetric decrease of the reflected intensities together
with a convergence of the signals due to a quench of the
magnetization, as presented in Fig. 4. The experimental
results are simulated by a heat-diffusion model and by
a non-equilibrium electron density calculation to investi-
gate the origin of the different electronic and magnetic
dynamics. Three factors are identified that promote a
symmetric change of the XRMR channels as observed in
the experiment — a shift of the resonance, an overall
reduction of the reflectivity due to electron-state filling,
and, on the longer time scale, a reduction of the reflec-
tivity due to heat-induced lattice strain. The latter alone
does not explain the observed ultrafast reduction of the
reflected intensity.
A certain probing-energy dependence of the observed

evolution of the magnetic signal is supported by calcula-
tions of the delay-time-dependent magneto-optical con-
stants and simulations of the XRMR at different probing
energies. We show that the effect is negligible on the
resonance edge even with a small finite energy window
of about 3 eV, as long as the resonance edges are well
separated.
In conclusion, this allows us to finally state that even

with a limited energy window, qualitative information
about the transient magnetic state of the system is ob-
tained in XRMR. With the help of simulations, it will
be possible to take advantage of the full power of XRMR
to study the interplay between magnetization dynamics
and the structural and electronic properties on ultrafast
timescales in an element-resolved manner.
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S. Mangin, Light induced ultrafast magnetization dy-
namics in metallic compounds, Journal of Magnetism and
Magnetic Materials 560, 169596 (2022).

[6] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf,
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H. A. Dürr, T. A. Ostler, J. Barker, R. F. L. Evans, R. W.
Chantrell, A. Tsukamoto, A. Itoh, A. Kirilyuk, T. Ras-
ing, and A. V. Kimel, Transient ferromagnetic-like state
mediating ultrafast reversal of antiferromagnetically cou-
pled spins, Nature 472, 205 (2011).

[11] D. Rudolf, C. La-O-Vorakiat, M. Battiato, R. Adam,
J. M. Shaw, E. Turgut, P. Maldonado, S. Mathias,
P. Grychtol, H. T. Nembach, T. J. Silva, M. Aeschli-
mann, H. C. Kapteyn, M. M. Murnane, C. M. Schneider,
and P. M. Oppeneer, Ultrafast magnetization enhance-
ment in metallic multilayers driven by superdiffusive spin
current, Nature Communications 3, 1037 (2012).

[12] A. Eschenlohr, M. Battiato, P. Maldonado, N. Pontius,
T. Kachel, K. Holldack, R. Mitzner, A. Föhlisch, P. M.
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C. Stamm, N. Pontius, E. Beaurepaire, and C. Boeglin,
Ultrafast angular momentum transfer in multisublattice
ferrimagnets, Nature Communications 5, 3466 (2014).

[14] E. Turgut, D. Zusin, D. Legut, K. Carva, R. Knut, J. M.
Shaw, C. Chen, Z. Tao, H. T. Nembach, T. J. Silva,
S. Mathias, M. Aeschlimann, P. M. Oppeneer, H. C.
Kapteyn, M. M. Murnane, and P. Grychtol, Stoner versus
Heisenberg: Ultrafast exchange reduction and magnon
generation during laser-induced demagnetization, Physi-
cal Review B 94, 220408(R) (2016).

[15] I. Kumberg, E. Golias, N. Pontius, R. Hosseinifar,
K. Frischmuth, I. Gelen, T. Shinwari, S. Thakur,
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N. Jaouen, Structural dynamics during laser-induced ul-
trafast demagnetization, Physical Review B 95, 184422
(2017).
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